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5LFH >@ FRQILUPHG WKDW HQHUJ\ UHOHDVH UDWH FDQ EH LQWURGXFHG E\ DVVXPLQJ QRQOLQHDU HODVWLF LQVWHDG RI OLQHDU





















   
ZKHUH rDQGșDUHWKHGLVWDQFHIURPWKHFUDFNWLSZKLFKLVH[SUHVVHGDVSRODUFRRUGLQDWHELVWKHHODVWLFPRGXOXVı0
LVWKH\LHOGVWUHQJWKnLVWKHSODVWLFLW\KDUGHQLQJH[SRQHQWDQGĮLVFRHIILFLHQWLQWKH5DPEHUJ±2VJRRGFRQVWLWXWLYH






SUREOHP UHIHUV WR WKH FRQVWUDLQW HIIHFW DQGPDQ\ VWXGLHV ZHUH GRQH WR H[DPLQH WKLV %HVLGHV LQGXVWULDO QXFOHDU
UHDFWRUVXFKDVOLJKWZDWHUUHDFWRUDQGKHDY\ZDWHUUHDFWRUDUHRSHUDWHGRQUHODWLYHO\KLJKSUHVVXUHDSSUR[LPDWHO\
 03D RQ OLJKW ZDWHU UHDFWRU DSSUR[  03D RQ KHDY\ ZDWHU UHDFWRU DQG ORZ WHPSHUDWXUH DSSUR[ &
FRQGLWLRQZKHUHDVVRGLXPFRROLQJUHDFWRUWKHQH[WJHQHUDWLRQPRGHOLVRSHUDWHGDWORZSUHVVXUHZLWKQRDGGLWLRQDO
SUHVVXUL]DWLRQ DQGKLJK WHPSHUDWXUH &7KHUHIRUHPDMRU VWUHVVRQ OLJKWZDWHU UHDFWRU LVPHFKDQLFDO ORDGLQJ
ZKLFKLVSULPDU\ORDGLQJDQGPDMRUVWUHVVRQVRGLXPFRROLQJUHDFWRULVKHDWORDGLQJZKLFKLVVHFRQGDU\ORDGLQJ7R
FRQVLGHU FRQVWUDLQW HIIHFW IRU GLVWLQFWLYH PHFKDQLFDO SURSHUW\ VXFK DV KLJK WHPSHUDWXUH SULPDU\ DQG VHFRQGDU\
ORDGLQJ LW LVQHFHVVDU\ WRYHULI\ WKHFKDQJHRIFRQVWUDLQWHIIHFWZKLOHKHDW ORDGLQJZKLFK LV VHFRQGDU\ ORDGLQJ LV
DSSOLHG
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7ZRSDUDPHWHUIUDFWXUHPHFKDQLFV
&DOFXODWLQJSUHFLVHDQGXQLIRUPSDUDPHWHURQIUDFWXUHPHFKDQLFVLVLPSRUWDQWIRUSUHGLFWLQJWKHDFWXDOIUDFWXUH
EHKDYLRU RI PDVVLYH VWUXFWXUH E\ VPDOO VSHFLPHQ +RZHYHU EHFDXVH RI WKH GLIIHUHQW VWUHVV DW FUDFNWLS GXH WR
GLVWLQFWLYH VL]H EHWZHHQ VSHFLPHQ DQG DFWXDO VWUXFWXUH LQ DGGLWLRQ WR WKH JHRPHWULF FRQILJXUDWLRQ LW LV XQDEOH WR
FRQVLGHUWULD[LDOLW\OHYHORIQHDUWLSVWUHVVILHOGSURSHUO\ZLWKJKE\ILUVWVLQJXODULW\ZKLFKLVGHVFULEHGDERYH
7R FRQVLGHU WULD[LDOLW\ SURSHUO\ RQ FUDFNWLS PRUH SUHFLVH WZRSDUDPHWHU PHWKRG ZDV VXJJHVWHG :LOOLDPV
VXJJHVWHGTVWUHVVIURPOLQHDUHODVWLFIUDFWXUHPHFKDQLFVE\DSSO\LQJPRGLILHGERXQGDU\WKHRU\1HJDWLYHTVWUHVV
PHDQV WKH ORVV RI FRQVWUDLQW E\ UHODWLYHO\ ELJJHU SODVWLF ]RQH ZKLOH 3RVLWLYH TVWUHVV PHDQV UHODWLYHO\ ELJJHU
FRQVWUDLQW
)URPHODVWLFSODVWLFIUDFWXUHPHFKDQLFVLQSODQHFRQVWUDLQWFDQEHSUHGLFWHGE\XVLQJQVWUHVVZKLFKLVVXJJHVWHG
E\2C'RZGDQG6KLK>@)ROORZLQJHTXDWLRQ LVIRU WKHQVWUHVVZKLFK LVH[SUHVVHGE\GLIIHUHQFHEHWZHHQ
+55VWUHVVILHOGDQGDFWXDOFUDFNWLSVWUHVV
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{    G
)LQLWHHOHPHQWDQDO\VLVLVXVHGIRUFDOFXODWLQJDFWXDOFUDFNWLSVWUHVV2QVPDOOVFDOH\LHOGLQJQVWUHVVJHWVFORVHU
WRDQGIROORZVQHJDWLYHGLUHFWLRQDFFRUGLQJWRWKHGHIRUPDWLRQ1HJDWLYHQVWUHVVKDVOHVVK\GURVWDWLFFRPSDUHGWR
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QVWUHVVFKDQJHGHSHQGLQJRQJHRPHWU\DQGORDGLQJLVGHVFULEHGLQ)LJ:KHQFRPSDULQJ6(1%6LQJOH(GJH
1RWFKHG%HQGLQJZLWK&&7&HQWHU&UDFNHG7HQVLRQQVWUHVVJHWVFORVHUWRIRUODUJHORDGLQJLQFDVHRI6(1%
ZKLOHQ JHWV FORVHU WR QHJDWLYH YDOXH IRU UHODWLYHO\ VPDOO ORDGLQJ LQ FDVH RI &&7QVWUHVV IRU ELJJHU QHJDWLYH
GLUHFWLRQPHDQVWKDWKLJKRUGHUWHUPVWUHVVFDQQRWEHLJQRUHGXQOLNHO\WR+55VWUHVVILHOG
,QWKLVSDSHUZHVWXG\WKHYDULDWLRQRIWKHWULD[LDOLW\IDFWRUQVWUHVVZLWKWKHFRPELQHGORDGVWHQVLRQDQGWKHUPDO
JUDGLHQW ORDGV XVLQJ WZRGLPHQVLRQDO HODVWLFSODVWLF ILQLWH HOHPHQW PRGHOV 7KH VSHFLPHQV VWXGLHG DUH
FLUFXPIHUHQWLDO GLUHFWLRQ D[LV\PPHWULF LQWHUQDO FUDFNHG SLSH LQ WHQVLRQ DQG WKHUPDO JUDGLHQW ORDGVZLWKPDWHULDO




3.1. Geometry and FE model 
)LQLWHHOHPHQWDQDO\VLVZDVGRQHE\XVLQJ$%$486YZKLFKLVFRPPHUFLDOVRIWZDUH)LJDLVWKHILQLWH
HOHPHQW PRGHO RI SLSH ZLWK FLUFXPIHUHQWLDO GLUHFWLRQ D[LV\PPHWULF LQWHUQDO FUDFN  PRGHO FRUUHVSRQGLQJ WR
V\PPHWU\FRQGLWLRQLVXVHGDQG&$;5HOHPHQWZKLFKLVD[LDOGLUHFWLRQV\PPHWU\HOHPHQWLVXVHGr/tZKLFKLVWKH
UDWLR IRU SLSH UDGLXV DQG WKLFNQHVV ZDV DVVXPHG DV  ZKLFK LV UHODWLYHO\ WKLFN FDVH 7KLFNQHVV RI SLSH ZDV







D$W\SLFDOILQLWHHOHPHQWPHVK E*HRPHWU\RIFUDFNHGSLSH  F&RQVLGHULQJORDGLQJW\SH
)LJQVWUHVVGHSHQGLQJRQVSHFLPHQDQGORDGLQJ
3.2. Meterial property and loading condition 
/RDGLQJFRQVLGHUHGRQWKLVVWXG\LVPHFKDQLFDOORDGLQJZLWKWHQVLOHORDGRQHDFKVLGHRIWKHSLSHHQG$OVRKHDW
ORDGLQJ ZLWK UDGLDO GLUHFWLRQ JUDGLHQW ZDV FRQVLGHUHG IRU VHFRQGDU\ ORDGLQJ )LJ F GHVFULEH WKH RXWOLQH RI
FRQVLGHUHG ORDGLQJV IRU WKLV VWXG\ ,Q KHUH WR TXDQWLI\ WKH ORDGLQJV RQ WKLV VWXG\Lr ZKLFK LV WKH SDUDPHWHU WR
TXDQWLI\WKHPDJQLWXGHRISULPDU\VWUHVVLVLQWURGXFHGLrFDQEHGHILQHGDVIROORZ





   
,Q KHUHN V LV WKH SULPDU\ ORDGLQJ RQ VWUXFWXUH DQGNL LV WKH OLPLW ORDG RI WKH VWUXFWXUH 7KHUHIRUHLr LV WKH
SDUDPHWHUWRTXDQWLI\WKHPDJQLWXGHRISULPDU\VWUHVVFRPSDUHGWROLPLWORDG
ELVWKHSDUDPHWHUWRTXDQWLI\WKHPDJQLWXGHRIVHFRQGDU\ORDGZKLFKLVH[SUHVVHGE\UDWLRZLWKSULPDU\ORDGIRU
DVVXPLQJ WKDW LPDJLQDU\SULPDU\ ORDG LV H[HUWHGRQ VWUXFWXUH6WUHVV LQWHQVLW\ IDFWRUZDVXVHG IRU FDOFXODWLQJ WKH






E    
$FFRUGLQJWRWKHDERYHGHILQLWLRQDSSOLHGORDGRILrELVHDFK
0DWHULDO SURSHUW\ XVHG IRU DQDO\VLV ZDV DVVXPHG WR IROORZ 5DPEHUJ2VJRRG UHODWLRQ ZKLFK LV SRZHUODZ
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4VWUHVVDQDO\VLV
4.1. Single loading 





ORDG LV VRPHZKDW ELJ LW VKRZHG D WHQGHQF\ RI FRQWLQXRXVO\PDLQWDLQLQJ D VWURQJ FRQVWUDLQW FRQGLWLRQ(YHQ LIȕ






































VHFRQGDU\ ORDG LVELJJHU WKDQDQG WKHFRQVWUDLQWHIIHFWGXH WR WKHSULPDU\ ORDG LVRYHUODSSHGDQGZKHQ WKHQ
VWUHVVGXHWRVHFRQGDU\ORDGLVVPDOOHUWKDQWKHFRQVWUDLQWHIIHFWGXHWRVHFRQGDU\ORDGGHFUHDVHVDFFRUGLQJWRWKH







)LJ  VKRZV WKHQVWUHVV UHVXOW REWDLQHG WKURXJK WKH ILQLWH HOHPHQW DQDO\VLV DQG WKH5 SUHGLFWLRQ HTXDWLRQ
2EVHUYLQJ)LJDZKHQȕLVLWVKRZVDVLPLODUUHVXOWWRWKHSUHGLFWLRQHTXDWLRQ%XWDFFRUGLQJWRWKHRUGHURI
WKH ORDG D JUHDWHU FRQVWUDLQW HIIHFW ZDV VKRZQ ZKHQ WKH VHFRQGDU\ ORDG LV DSSOLHG ILUVW UDWKHU WKDQ ZKHQ WKH




WKHUHIRUH D VLPLODU SUHGLFWLRQ LV FDOFXODWHG IRU ERWK FDVHV EXWZKHQ WKH FRPELQHG ORDG LV DFWXDOO\ DSSOLHG WR WKH
VWUXFWXUH WKH PLQXWH GLIIHUHQFH LQ WKHUPDO ORDG VKRZV D QRWLFHDEOH UHVXOW LQ WKH QVWUHVV 6LQFH WKH VWUHVV LV
UHGLVWULEXWHGGXHWRWKHLQIOXHQFHRIWKHSODVWLF]RQHZKLFKKDVEHHQIXOO\GHYHORSHGWKHDFWXDO-LQFUHDVHVVKDUSO\
HYHQIRUDVPDOOORDGWKHUHIRUHLWFDQEHVHHQWKDWWKHFRQVWUDLQWZDVIXUWKHUPRUHZHDNHQHG)LJFGVKRZVWKH
FRPSDUDWLYH UHVXOW EHWZHHQ WKHQVWUHVV GXH WR FRPELQHG ORDGZKHQȕ   DQG WKH5 SUHGLFWLRQ HTXDWLRQ
(TXDOWRERWKFDVHVVKRZQSUHYLRXVO\WKH5SUHGLFWLRQHTXDWLRQVKRZVDQLPPRGHUDWHFRQVWUDLQWFRPSDUHGWRWKH
DFWXDOQVWUHVV6LPSO\ZKDWPXVWEHFDXWLRQHGLVWKDWZKHQLr LVZKHUHDVJHQHUDOO\LIWKHPHFKDQLFDOORDGLV
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D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E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DQDO\VLV %HIRUH YHULI\LQJ WKH FRQVWUDLQW HIIHFW DFFRUGLQJ WR FRPELQHG ORDG WKH VLQJOH ORDGLQJ 4VWUHVV VKRZQ
DSSO\LQJ WHQVLOH DQG WKHUPDO ORDG ZDV YHULILHG 8QGHU FRPELQHG ORDGLQJ SUHGLFWLRQ E\ 5 ZDV YHULILHG WR EH
FRQVHUYDWLYHO\DSSOLFDEOHLQDOOFDVHV
6WUHVV ILHOG RI FUDFNWLS DW FRPELQHG ORDGLQJ VWUXFWXUHV KDG GLVWLQFWLYH SURSHUWLHV DFFRUGLQJ WR WKH ORDGLQJ
FRQGLWLRQDQGRUGHU)URPWKHUHVXOWRIWKLVVWXG\LWFDQEHNQRZQWKDWWULD[LDOLW\LVORZHUZKHQPHFKDQLFDOORDGLV
DSSOLHGDIWHUWKHUPDOORDGLVDSSOLHG
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